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Abstract In this paper, we investigate the role of morphing on ﬂight dynamics
of two birds by simulating the ﬂow over rigid and morphing wings that have the
characteristics of two different birds, namely the Giant Petrel and Dove Prion.
The simulation of a ﬂapping rigid wing shows that the root of the wing should
be placed at a speciﬁc angle of attack in order to generate enough lift to balance
the weight of the bird. However, in this case the generated thrust is either very
small, or even negative, depending on the wing shape. Further, results show that
morphing of the wing enables a signiﬁcant increase in the thrust and propulsive
efﬁciency. This indicates that the birds actually utilize some sort of active wing
twisting and bending to produce enough thrust. This study should facilitate better
guidance for the design of ﬂapping air vehicles.
c© 2014 The Chinese Society of Theoretical and Applied Mechanics. [doi:10.1063/2.1403203]
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Birds can ﬂy by gliding,1,2 soaring,3 or ﬂapping,4,5 depending on atmospheric conditions and
the desired ﬂight path. During gliding, the wings are held out to the side of the body and do not
ﬂap. The aerodynamic forces that hold the bird up in the air are similar to those generated on a
ﬁxed wing.6 Soaring differs from gliding ﬂight in that the bird maintains its height relative to the
ground and can climb even without ﬂapping its wings. One way to accomplish this is to beneﬁt
from a rising air current. To generate sufﬁcient aerodynamic forces for ﬂight, and overcome gust
and turbulence in the incoming freestream, birds can also rely on ﬂapping motion whereby they
reciprocate their wings, moving them up and down. The ﬂapping motion consists of two half-
strokes: a downstroke, which produces most of the useful lift and thrust, and an upstroke, which
can also provide some thrust, depending on the geometric properties of the bird’s wing.
To date, understanding the role of wing motions and morphing in bird ﬂight has been based on
experimental observations. By combining these observations with simpliﬁed aerodynamic mod-
els, several researchers were able to characterize ﬂight kinematics of birds. A detailed review of
the aerodynamic models used to understand ﬂight dynamics of birds and insects has been recently
presented by Taha et al.7 They noted the observation by Holst and Kuchemann8 who observed
that maximum thrust is obtained when the phase shift between the plunge and pitch motions is
a)Corresponding author. Email: mehdig@vt.edu.
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set at 90◦. Parry9 used this observation to calculate the maximum thrust caused by plunging os-
cillations of tails of whales. Taha et al.7 gave more examples of observed ﬂight dynamics and
their relation to aerodynamic forces. Although connecting experimental observations with sim-
pliﬁed aerodynamic models can be helpful in assessing speciﬁc ﬂight mechanisms, we believe
that exploring the dynamics of birds’ ﬂight through higher ﬁdelity numerical simulations of the
ﬂow and its interaction with the wing motions can provide a more substantial characterization of
the physics and dynamics associated with such ﬂight. Such an understanding and characterization
should facilitate better guidance for the design of engineered ﬂying systems.
The objective of this effort is to determine the role of wing morphing in the generation of
thrust and lift forces. To this end, we simulate the ﬂow over morphing wings that have the charac-
teristics of two different birds, namely the Giant Petrel and Dove Prion. We consider a prescribed
symmetric ﬂapping motion about the wing root subjected to a freestream velocity and place the
wing root at a ﬁxed angle of attack α . Then, we use active shape (spline-based) morphing to op-
timize the ﬂight performance of these two birds. By optimizing the ﬂight performance, we mean
reducing the power required for their forward motion under the constraint of generating a mini-
mum lift that is set equal to the bird’s weight. The simulations and the optimization exercise are
designed to determine the relation between morphing, aerodynamic forces, and ﬂight efﬁciency.
To compute the aerodynamic forces and power, we use a three-dimensional version of the
unsteady vortex lattice method (UVLM) to simulate the ﬂow over ﬂapping wings that have the
characteristics of the Giant Petrel and Dove Prion (see Table 1). This allows us to investigate the
relation between morphing, aerodynamic forces, and ﬂight efﬁciency. The UVLM applies only
to incompressible, inviscid ﬂows where the separation lines are known a priori. Furthermore,
the current implementation of UVLM does not cover the cases of ﬂow separation at the leading-
edge and extreme situations where strong wing-wake interactions take place. In spite of these
restrictions, the use of UVLM remains adequate for the application of our interest.10–16
A detailed implementation and validation for the use of the UVLM on ﬂapping ﬂights are
presented by Ghommem et al.12 In summary, the UVLM simulation of a ﬂapping wing includes
the following. The wing surface is discretized into a lattice of vortex rings. Each vortex ring
consists of four short straight vortex segments, with a collocation point placed at its center. A
no-penetration condition is imposed at the collocation points; that is, the normal component of
the velocity due to wing-wing interactions, wake-wing interactions, and free-stream velocities is
assumed to vanish at each collocation point. The Biot–Savart law is used to compute velocities in
terms vorticity circulations. The wake vorticity is introduced by shedding vortex segments from
the trailing edge. These vortices are moved with the ﬂuid particle velocity and their individual
circulation remains constant. The vorticity circulation strength of the wakes obtained for a rect-
angular ﬂapping wing is shown in Fig. 1. Examining the wake pattern and vorticity distribution is
helpful to gain insight into the generation of aerodynamic quantities. The pockets of highest cir-
culation are observed in the wake aft of the ﬂapping wing during the downstroke. The pressure is
evaluated at each collocation point based on the unsteady Bernoulli equation and then integrated
over the wing surface to compute the aerodynamic forces, power, and propulsive efﬁciency.12,13
For each bird, hypothetical rectangular and swept/tapered wings are considered in order to
examine how the wing geometry inﬂuences the ﬂight performance. The latter shape is based on
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Table 1. Bird characteristics and estimated aerodynamic forces. The wing camber ratio is deﬁned as the
maximum deviation of the center of the wing from the line connecting leading and trailing edges relative to
the chord length.2 Results are obtained from UVLM simulations of ﬂapping rigid wing. The estimated mass
is calculated based on L/gwhere L is the average value of the lift and g=9.81 m/s2 is the gravity acceleration.
The propulsive efﬁciency is deﬁned as the ratio of the power used to move the wing in the forward direction
over the aerodynamic power.12,13 The minus sign “−” indicates that the bird is unable to move forward.
Bird
Bird characteristics2,4,17,18
Body Wing Wing Wing camber Flapping Forward
mass/kg span/m area/m2 ratio/% frequency/Hz velocity/(m·s−1)
Giant Petrel 3.24 1.98 0.326 8 3.14 15.2
Dove Prion 0.155 0.635 0.046 9 6 5.42 11.1
UVLM predictions (rectangular wing)
Estimated mass/kg Thrust/N Propulsive efﬁciency
α = 0◦ α = 8◦ α = 0◦ α = 8◦ α = 0◦ α = 8◦
Giant Petrel 1.96 3.978 0.506 −0.613 0.156 (−)0.107
Dove Prion 0.107 0.254 0.0139 6 −0.074 0.094 8 (−)0.2262
UVLM predictions (swept/tapered wing)
Estimated mass/kg Thrust/N Propulsive efﬁciency
α = 0◦ α = 8◦ α = 0◦ α = 8◦ α = 0◦ α = 8◦
Giant Petrel 2.027 4.115 6 0.646 −0.2669 0.213 (−)0.045
Dove Prion 0.112 0.263 2 0.014 9 −0.0894 0.117 (−)0.247
*α is the wing root angle of attact.
Vorticity circulation
-2.5 0 4 8 10
Fig. 1. Wake patterns of a rectangular ﬂapping
wing. Contour color levels denote the vorticity
strength of the wing and the wake. The wake has
been moved back for the sake of differentiating
it from the wing.
(a) (b)
(c) (d)
Giant Petrel Simulated wing
Simulated wingDove Prion
Fig. 2. Simulated wing shapes of the Gi-
ant Petrel and Dove Prion birds. Sweep and
taper are introduced in the wing geometry of
each bird to reproduce its real shape. The
open domain bird images were obtained from
www.avianweb.com/southerngiantpetrels.html.
the actual wings of the two birds, as shown in Fig. 2. As a performance measure, we consider the
propulsive efﬁciency for bird kinematics which is deﬁned as the ratio of the time-averaged power
used to move the wing in the forward direction over the time-averaged aerodynamic power.12,13
Table 1 presents results of the aerodynamic forces generated for different wing shapes and angles
of attack, as predicted by UVLM. Clearly, the bird beneﬁts from the wing taper and sweep, since
these improve ﬂight performance by generating more thrust, which enables a higher propulsive
efﬁciency.
Figure 3 shows variations in the lift in terms of mass and thrust with respect to the wing root
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angle of attack α for the two birds if they are assumed to have only rigid wings. The simulation
of a ﬂapping rigid wing that does not morph indicates that, in order to generate enough lift to
balance the weight of the bird, the wing root should be placed at a speciﬁc angle of attack. To
meet this requirement, the Giant Petrel must ﬂap its wing at a 4.7◦ angle of attack when using
a swept/tapered wing of a shape that is a close approximation of its actual physical shape. This
angle is slightly smaller than the 5◦ angle required if a less physical rectangular wing shape is
assumed. For the Dove Prion, these angles are 2.35◦ and 2.6◦ for swept/tapered and rectangular
wings, respectively. Of interest is the fact that the thrust generated at all these angles of attacks
is very small, or even negative, depending on the wing shape. This indicates that each bird is
utilizing some sort of active wing twisting or bending to produce enough thrust for its forward
motion.
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Fig. 3. Variations of the estimated lift in terms of mass and thrust with the wing root angle of attack α
for the Giant Petrel and Dove Prion bird (rigid wings). For each bird, rectangular and swept/tapered wings
are considered to investigate how wing geometry affects ﬂight performance. The latter shape is based on the
actual wing shape as shown in Fig. 2. Clearly, the bird beneﬁts from the wing taper and sweep to improve the
performance of ﬂight (leading to higher thrust). The results also indicate that to get enough lift to match the
actual mass of the bird, the wing root should be placed at speciﬁc angle of attack. However, the generated
thrust is very small (or negative depending on the bird wing shape) indicating that the bird is utilizing some
sort of active wing twisting/bending to produce enough thrust for forward motion.
We consider active shape morphing and investigate its effect on the ﬂight performance. Shape
morphing is introduced using the ﬁrst and second bending and twisting mode shapes to mimic each
bird’s wing deformations, i.e., β (X , t) = β1(t) ·T1(X )+β2(t) ·T2(X ), γb(X , t) = γb1(t) ·B1(X )+
γb2(t) ·B2(X ), where the spatial functions Bi and Ti are the bending and twisting mode shapes,
respectively (i= 1,2). These shapes are generated based on a vibration analysis using ANSYS of
a beam model that has the material and geometric properties of the birds’ wings.4,19 We show in
Fig. 4 the bending and twisting mode shapes obtained for the Giant Petrel. The temporal functions
βi and γbi are deﬁned using cubic splines and are varied to optimize the propulsive efﬁciency.
Details of the speciﬁcation of the temporal functions are reported by Ghommem et al.12 We note
that in-plane motions are not considered in the present study because previous investigations have
shown that there is no need to perform these during forward ﬂight. To investigate that feature,
Dial20 eliminated the neural control of certain muscle groups responsible for the change in the
camber and in-plane planform motion and performed ﬂight tests of Rock Doves. While these
birds were observed to be capable of sustaining forward ﬂight, they could not take off or land.
Next, we combine the unsteady vortex lattice method with the globally convergent method
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Fig. 4. Mode shapes used for active shape morphing (Giant Petrel). These shapes are generated using the
material and geometric properties of the bird’s wings.
of moving asymptotes (GCMMA) optimization algorithm to identify the optimal kinematics of
twisting and bending that maximize the propulsive efﬁciency under lift and thrust constraints.
The mathematical formulation and implementation of GCMMA are provided in Refs. 21 and 22.
Table 2 provides a summary of the optimal results for both birds. These show that morphing
the wing using the ﬁrst bending and twisting modes yields a signiﬁcant increase in the propulsive
efﬁciency. This efﬁciency is increased further when the second modes are incorporated. For the
Giant Petrel, morphing its wing increases the thrust from 0.187 to 0.38 N and its propulsive efﬁ-
ciency from 0.045 9 to 0.38. For the Dove Prion, morphing of the wing increases the thrust from
−6.89 to 59 mN and the corresponding propulsive efﬁciency from (−)0.044 2 to 0.147. The aver-
age value of the lift, which is represented as mass in Table 2, for the optimized kinematics remains
equal to its value for the baseline case (without morphing). This indicates that, in the optimized
conﬁguration, the morphing improves thrust generation but does not signiﬁcantly inﬂuence the
lift.
In Fig. 5, we show the deformed wing for the optimal ﬂight paths for the Giant Petrel and Dove
Prion birds. To gain insight into the wing deformation, the baseline ﬂapping case is also presented
so that the combined bending and twisting deformations of the wings can be observed. The
optimal kinematics for both birds are quite different. Clearly, based on the material and geometric
properties of its wing and the ﬂapping frequency, each bird employs speciﬁc kinematics to control
its ﬂight performance in order to make it as efﬁcient as possible.
To the best of our knowledge, there is no empirically-based parameterization, e.g., in the form
Giant Petrel Dove Prion
(a) (b)
Fig. 5. Optimal ﬂight paths of the swept/tapered wings: rigid (thin lines) and morphed shapes (colored
surfaces). For the Giant Petrel, the wing root angle of attack is set equal to 4.7◦. Morphing the wing
increases its thrust from 0.187 to 0.38 N and its propulsive efﬁciency (thrust power U /aerodynamic power)
from 0.045 9 to 0.38. For the Dove Prion, the wing root angle of attack is set equal to 2.35◦. Morphing the
wing increases its thrust from −6.89 to 59 mN and its propulsive efﬁciency from (−)0.044 2 to 0.147.
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Table 2. Flight performance enhancement through morphing. Active shape morphing using the ﬁrst and
second bending and the twisting mode shapes is used to mimic a bird’s wing deformations. These shapes
are generated using the material and geometric properties of the birds wings.4,19 Results are determined by
combining UVLM with an optimization algorithm GCMMA21,22 (globally convergent method of moving
asymptotes). The value of the wing root angle of attack α is chosen so that the average value of the lift L
balances the weight of the bird for the base (no morphing) case.
Bird
Rectangular wing
α/(◦) Mass/kg Thrust/N
Rigid wing
Morphed wing Morphed wing
Rigid wing
Morphed wing Morphed wing
(1st modes) (1st and 2nd modes) (1st modes) (1st and 2nd modes)
Giant Petrel 5◦ 3.24 3.24 3.24 −0.108 0.649 1.139
Dove Prion 2.6◦ 0.155 0.155 0.155 −0.00808 0.020 31 0.040 51
α/(◦)
Propulsive efﬁciency
Rigid wing
Morphed wing Morphed wing
(1st modes) (1st and 2nd modes)
Giant Petrel 5◦ (−)0.0256 0.086 4 0.15
Dove Prion 2.6◦ (−)0.04298 0.062 38 0.128 04
Swept/tapered wing
α/(◦) Mass/kg Thrust/N
Rigid wing
Morphed wing Morphed wing
Rigid wing
Morphed wing Morphed wing
(1st modes) (1st and 2nd modes) (1st modes) (1st and 2nd modes)
Giant Petrel 4.7◦ 3.24 3.24 3.24 0.187 2.52 2.59
Dove Prion 2.35◦ 0.155 0.155 0.155 −0.00689 0.031 36 0.059
α/(◦)
Propulsive efﬁciency
Rigid wing
Morphed wing Morphed wing
(1st modes) (1st and 2nd modes)
Giant Petrel 4.7◦ 0.045 9 0.32 0.38
Dove Prion 2.35◦ (−)0.0442 0.094 63 0.147 1
of trigonometric or spline-based approximations, of bird kinematics during forward ﬂight. This
is most likely due to the complex system of skeletal muscles actuating the wing motions and
deformations. Many investigators have used high-speed video cameras to image bird wing mo-
tions for different ﬂight speeds.23–26 They attached tapes to some parts of the bird body and wing,
and subsequently tracked these during ﬂight. The paths traced by these tapes showed that bird
wing kinematics are governed by a complex combination of the vertical and horizontal motions
associated with ﬂapping along with bending and twisting. These experimental observations23–26
demonstrated the signiﬁcant inﬂuence of the wing shape, ﬂight speed, and ﬂapping frequency
on the wing kinematics. In particular, they showed that signiﬁcant differences exist between the
bird species in terms of their wing kinematics as observed from the path of the wing tip during
the ﬂapping cycle. These ﬂight observations are also consistent with results obtained from our
optimization analysis.
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